We present simulation and experimental results of a novel external heater-modulator structure. A heater efficiency of 21.3 µW/GHz is measured with no power penalty between heater off and heater on states observed at 10 Gbps.
Introduction
In recent years silicon has emerged as a promising candidate for ultra-low power optical interconnects, with modulator switching energies approaching 1 fJ/bit [1] . Such an extremely low switching energy is enabled by resonant modulator structures, which are inherently sensitive to temperature fluctuations less than one degree Celsius. In order to overcome this sensitivity, integrated micro-heaters wrapped in feedback loops have been proposed and demonstrated [2, 3] . One of the most efficient heater-modulator structures demonstrated has a resistive heating element integrated directly into the micro-disk resonator [4] but, due to the desire to maintain a large free spectral range the design of the p-n junction for modulation was sub-optimal in this device. Here we present a novel device structure which allows for the use of any optimally designed micro-disk or micro-ring modulator structure while maintaining a relatively efficient heater structure.
Device Simulation
The new external heater modulator structure consists of an n+ doped silicon heating element placed 1µm away from the edge of a micro-disk modulator (Fig. 1, top left) . The resistive heating element is patterned in an L-shape with a tungsten stud and an aluminum metal-one line tethered to the micro-disk modulator to funnel the Ohmic heating to the modulator more efficiently. The tungsten stud contacts a small section of nearly intrinsic silicon, so it is electrically isolating and does not adversely affect the high frequency performance of the device. This device is inherently flexible as any micro-disk or ring structure may be directly inserted, the only impact to efficiency is the change in the thermal mass of the structure being coupled to. Thermal simulations were performed using the heat transfer model in a commercially available FEM package, COMSOL Multiphysics. The simulated temperature distribution for 5 mW dissipation in the external heatermodulator structure predicts an average temperature seen by the fundamental optical mode of 331 K (Fig. 1, bottom  left) . Taking the overlap integral of thermo-optic coefficients of the silicon micro-disk and oxide cladding multiplied by the simulated temperature distribution with the fundamental optical mode of the micro-disk modulator predicts a resonant optical frequency shift efficiency of 16.1 µW/GHz. While this device is not yet optimized, it compares well to previously demonstrated results of 42.1 µW/GHz [5] and 7.2 µW/GHz [4] , and offers the additional benefit of being compatible with any silicon photonic modulator structure.
Experimental Results
Devices were fabricated in Sandia's MESA facility using standard CMOS processing techniques. The resonant frequency shift for the external heater-modulator as a function of electrical power dissipation was measured and an efficiency of 21.3 µW/GHz was determined (Fig.1, top right) . The decrease in efficiency when compared with simulation may be accounted for by the additional thermal mass of nearby metal lines and electrical probes in the as measured device. The thermal time constant of the device was measured by applying a 50 % duty cycle 0.86V square wave with an estimated power dissipation of 5.3 mW. The 10-90 cool-down time constant of the device was measured to be 85 µs (Fig. 1, bottom right) . The bit error rate performance of the external heater-modulator was characterized with a 2 7 -1 pseudo random bit sequence at 10 Gbps. Eye diagrams and the measured optical spectrum for the heater modulator in the off state and with an average temperature increase of 25 °C (5.3 mW applied power) are shown in the left of Fig. 2 with extinction ratios of 7.0 and 7.9 dB respectively. In order to determine if running the heater impacted the modulator's performance, we measured the bit error rate (BER) as a function of received optical power. After adjusting a tunable laser wavelength to maximize the receiver's difference signal in each case, we found the power penalty at a BER of 10 -9 was less than the experimental resolution (Fig. 2, right) .
Conclusions
We have demonstrated a novel external heater-modulator structure with a heater efficiency 21.3 µW/GHz. The external heater-modulator is able to operate with no measurable power penalty between the heater-off state and the heater running at 5.3 mW. While this device already has excellent performance it has not been optimized and significant performance improvements can be expected with further design.
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